Introduction
[2] Recent experiments by Badro et al. [2003] suggest that a transition from a high-spin to a low-spin state occurs in Fe 2+ in magnesiowüstite (Mw) between 60-70 GPa and in perovskite (Pv) between 60-70 Gpa and again at 120 GPa [Badro et al., 2004] . Additional work by Lin et al. [2005] and Speziale et al. [2005] confirms the spin transition in magnesiowüstite, while Li et al. [2004 Li et al. [ , 2005 confirm the transition in perovskite. Such a transition could increase both the radiative thermal conductivity of material [Sherman, 1991] and the viscosity, as a result of Fe partitioning dominantly into the Mw phase [Badro et al., 2003] . In contrast, Lin et al. [2005] observe a qualitative decrease in the radiative thermal conductivity in conjunction with a high-spin to low-spin transition in Mw. The spin transition in magnesiowüstite is gradual due to its temperature and pressure dependence [Badro et al., 2003; Sturhahn et al., 2005] , and Fe 2+ in perovskite may exhibit a mixed high-spin and low-spin state under conditions between the first transition (70 GPa) and the second transition (120 GPa) [Badro et al., 2004] . Thus, both the depth at which material properties change, and the magnitude of any changes remain uncertain.
[3] First principle calculations and high-pressure and high-temperature experiments on perovskite have lead to the discovery of a transition to a post-perovskite phase (PPv) with a strong positive Clapeyron slope above the CMB near the top of the D 00 region [Murakami et al., 2004; Tsuchiya et al., 2004; Oganov and Ono, 2004] . The depth of this transition corresponds to the pressure range found for the second high-spin to low-spin transition in perovskite [Badro et al., 2004; Lin et al., 2005] . The transformation to the post-perovskite structure may help influence the style of convection within the Earth's mantle; if the transition has a strong, positive Clapeyron slope, flow in the region is destabilized and upwellings become smaller and more time-dependent [Nakagawa and Tackley, 2004; Matyska and Yuen, 2005] . Heat flow out of the core also increases but lower mantle temperatures decrease due to faster core cooling rates [Nakagawa and Tackley, 2005] . Yuen [2005, 2006] also show that radiative thermal conductivity can produce large-scale upwellings despite the influence of a positive Clapeyron slope for the PPv transition. Such large-scale upwellings are consistent with seismic observations [Romanowicz and Gung, 2002] .
[4] Previous studies have shown how viscosity increases in the lower mantle [Hansen et al., 1993; van Keken and Yuen, 1995; Hunt and Kellogg, 2001] , depth-dependent thermal expansivity [Hansen et al., 1993] , or variable thermal conductivity [Dubuffet et al., 1999; Dubuffet and Yuen, 2000] can increase the size of upwellings or lengthscale of convection in the lower mantle. Also, Montague and Kellogg [2000] showed how elevating the thermal diffusivity in a compositionally dense D 00 region could suppress internal convection in the D 00 layer. In this paper we examine how stepwise increases in thermal conductivity [Sherman, 1991] and viscosity [Badro et al., 2003] , as well as stepwise decreases in thermal conductivity affect convective flow and the size and stability of thermal upwellings. Unlike Montague and Kellogg [2000] , we do not consider compositional variations, because we wish to isolate the effects of the spin transition.
Numerical Models
[5] To investigate the effects of varying thermal conductivity and viscosity in the deep lower mantle, we use a modified version of the 2-D mantle convection code ConMan [King et al., 1990] , which solves the classical-Boussinesq equations for the conservation of mass (r Á u = 0), momentum (ÀrP + r Á t + RaTk = 0), and energy ((@T/@t) + u Á rT = r Á (krT) + H) for an incompressible, Newtonian fluid, where u is velocity, T is temperature, P is pressure, t is the deviatoric stress tensor, Ra is the thermal Rayleigh number, k is a unit vector in the radial direction, k is the thermal diffusivity, H is the internal heating parameter, and there is no adiabatic heating and cooling or viscous dissipation. Our computational domain contains 1000 horizontal nodes and 100 vertical nodes, and has an aspect ratio of 10 Â 1. The top and basal surfaces are free-slip with no accumulation of stress, with periodic boundary conditions on the side walls. The model is heated both from below and within and cooled from above (Table 1) .
[6] Viscosity follows an Arrhenius law:
where the index i refers to the upper mantle (i = 0 above 660 km), middle mantle (i = 1 between 660 and 2000 km) or lowermost mantle (i = 2 below 2000 km). The maximum variation of viscosity due to temperature is approximately a factor of 100; we limit the variations in viscosity in order to preserve a mobile surface lid. The viscosity increases by a factor of 30 at 660 km and also increases at 2000 km in selected models (Table 2) , creating a viscosity peak in the mid-lower mantle. The thermal conductivity varies only with depth (Table 2 and Figure 1b ).
[7] We do not account separately for variations in radiative and lattice thermal conductivity; we change only the thermal diffusivity (Table 2) to represent variations in thermal conductivity. Because k total = k radiative + k lattice , and as the lattice thermal conductivity is not expected to increase with the spin transition, jumps in k total in our models represent correspondingly larger magnitude jumps in radiative thermal conductivity.
Results
[8] Figure 2 shows temperature fields snapshots. The reference model (m 2 /m 1 = 1 and k 2 /k 1 = 1) develops multiple, fairly mobile, thermal upwellings and downwellings (Figure 2a) . Increasing the viscosity and thermal conductivity at 2000 km (Figures 2b and 2c) increases the size and stability of the thermal upwellings. The higher temperature in these plumes may influence the stability of the postperovskite phase [Hernlund et al., 2005; Wookey et al., 2005] . Increasing thermal conductivity, but not viscosity, at 2000 km (Figures 2d and 2e) increases the plume size and possibly their stability. Notably, the change in material properties at 2000 km appears to offer only minor resistance to flow of material across this depth, visible as some buckling in the downwellings. No thermal boundary layer develops in the interior of the model (Figure 3b ).
[9] Decreasing the thermal conductivity beneath 2000 km (Figures 2f and 2g ) produces a moderately time-dependent flow similar to that in Model 1 with the number of plumes increasing slightly, but only minor changes in the size of the (Figure 3a ), but this effect is reduced when the viscosity also increases. With a 20% decrease in thermal conductivity at 2000 km depth (k 2 /k 1 = 0.8) the basal heat flux shows little change, while a 50% decrease in thermal conductivity (k 2 /k 1 = 0.5) reduces the basal heat flux.
[11] Increasing thermal conductivity alone produces hotter geotherms than increasing both viscosity and thermal conductivity, while decreasing the thermal conductivity produces similar (k 2 /k 1 = 0.8) or cooler (k 2 /k 1 = 0.5) geotherms than Model 1 (Figure 3b) . Furthermore, varying the viscosity and/or thermal conductivity significantly changes temperatures in the D 00 region. Because the stability of the PPv phase is strongly temperature-dependent [Hernlund et al., 2005; Wookey et al., 2005] , increases in the thermal conductivity and subsequent increases in temperature may reduce the occurrence of PPv.
Discussion and Conclusions
[12] Increases in plume size and stability associated with increases in viscosity and thermal conductivity could counteract the pattern of smaller and more time-dependent plumes induced by the exothermic PPv phase transition, perhaps producing intermediate sized plumes in combination with the PPv phase transition. Although this idea needs to be investigated by including the density crossover associated with the PPv in future calculations, the generation of large superplumes structures may require other mechanisms like variable radiative thermal conductivity [Matyska and Yuen, 2005] or compositional heterogeneity [Wen, 2001; Ni et al., 2002; Tackley, 2002; Trampert et al., 2004; McNamara and Zhong, 2005; Nakagawa and Tackley, 2005; Tan and Gurnis, 2005] . Although increasing thermal conductivity produces larger plumes, the associated increase in heat flux could act in concert with PPv to destabilize the dense piles [Nakagawa and Tackley, 2005] , and thus require a higher chemical density contrast or viscosity to stabilize chemical piles. Chemically dense regions above the CMB should play a significant role in limiting heat flux out of the core if thermal conductivity increases by a factor of 2Â or 5Â [Montague et al., 1998; Montague and Kellogg, 2000] , although decreases in thermal conductivity should reduce the need for a hot, dense layer limiting the core heat flux.
[13] The steep geotherms in the lowermost mantle observed for elevated viscosity and thermal conductivity in Figure 3b should decrease the probability that a geotherm intersects the PPv phase transition; conversely, models with decreasing thermal conductivity are more likely to cross into the PPv stability field. If the geotherms do indeed steepen significantly, the PPv stability may become limited to cold downwelling regions, instead of both cold and average mantle geotherms [Hernlund et al., 2005; Wookey et al., 2005] . Our models do not include adiabatic heating or cooling; the addition of the adiabatic temperature gradient to our geotherms should enhance this steepening effect in the D 00 region. However, increases in the basal heat flux may drop lower mantle temperatures through time, resulting in more post-perovskite, as pointed out by Nakagawa and Tackley [2005] . Van den Berg et al.
[2005] also demonstrate enhanced core and mantle cooling for strongly radiative thermal conductivity. Studies taking into account core cooling with changes in viscosity and thermal conductivity are needed to resolve this issue.
[14] All of the results discussed to this point reflect variations in viscosity and thermal conductivity at 2000 km, which represents the depth at which Fe 2+ in magnesiowüstite should be in a complete low-spin state [Badro et al., 2003; Lin et al., 2005] . However, since Fe 2+ in perovskite may not be in a complete low-spin until the D 00 region [Badro et al., 2004; Li et al., 2004 Li et al., , 2005 , thermal conductivity and viscosity may vary both at 2000 km and near 2600 km. Recent experiments on the partitioning of Fe between Mw, Pv, and PPv indicate that variations in the partition coefficients do not occur until the D 00 region, and both increasing Fe in Mw [Murakami et al., 2005] and increasing Fe in PPv Kobayashi et al., 2005] are reported for the region. These results highlight the need for a more complete understanding of material properties in the deep lower mantle guided by the location of the Fe 2+ spin transition in both magnesiowüstite and perovskite. Future work should also explore the interaction of these transitions with possible chemical density variations in the mantle.
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